Study design: A prospective double blind cross over trial of intravenous 4-Aminopyridine (4-AP). Objective: To determine the ecacy of this drug in the treatment of spinal cord injured (SCI) patients for neurologic impairment, pain and spasticity. Setting: The post anesthesia care unit (PACU) of a tertiary care acute hospital. Methods: Twelve paraplegic patients were enrolled in a double blind cross over intravenous trial of 4-Aminopyridine (4-AP). Thirty milligrams of 4-AP or placebo were administered over a 2 h period. Patients were serially examined during and after the infusion clinically for pain, sensorimotor function, hypertonicity and motor control using electromyography (EMG). Samples of blood and cerebrospinal¯uid (CSF) were also analyzed at similar intervals. Results: Despite penetration of 4-AP into the CSF, no signi®cant dierences were noted in the clinical and EMG parameters at the times measured. Individual changes in sensory function were reported by some patients in both the placebo and 4-AP trials, however mean values were not robust. Frequently, patients complained of unpleasant symptoms during the 4-AP infusion. Conclusion: The intravenous route may not be the best way to administer this drug as no short term bene®ts were observed. Spinal Cord (2000) 38, 7 ± 15
Introduction
Preliminary studies have shown that intravenous administration of 4-Aminopyridine (4-AP) is associated with a range of functional bene®ts in chronic, incomplete spinal cord injury. These bene®cial eects are thought to involve restoration of action potential conduction in damaged, poorly myelinated nerve ®bers. 4-AP may also produce a direct enhancement of synaptic transmission. The speci®c aim of the present study was to examine the neurological and neurophysiological eects of systemic intravenously administered 4-AP in more detail, with a particular emphasis on improved quanti®cation of eects on neurogenic pain, spasticity and residual sensorimotor function in preparation for a subsequent study of intrathecal administered 4-AP.
Background
Neurological de®cits associated with traumatic paraplegia and tetraplegia are attributed to destruction of gray matter and the loss of axons in the white matter of the spinal cord as a direct or secondary consequence of physical disruption. In recent years, it has become clear that this simple interpretation is inadequate. A growing body of anatomical evidence from animal models and human injuries indicates that a proportion of the axons often survives, even in severe trauma that results in complete or nearly complete loss of function. 1 ± 4 Axonal survival may be re¯ected clinically by a conventional neurologic examination or by responses to reinforcement maneuvers which can reveal latent supraspinal control in muscles that are paralyzed and otherwise thought to be deprived of corticospinal input. 5, 6 It has also been shown that many of the axons that survive at the site of injury can nonetheless be permanently, physiologically disabled, possibly by the combination of demyelination and incomplete remyelination that leaves many of them only thinly myelinated over the longitudinal extent of the lesion. 7, 8 Treatment of demyelinating conditions eg, multiple sclerosis has proven quite dicult but considerable interest has been directed to the drug 4-AP, one of a variety of compounds that blocks potassium channels in nerve membranes. 8 ± 14 This drug has been shown to restore conduction in demyelinated axons under a variety of experimental conditions. In addition to its eect on axonal conduction, 4-AP is also capable of enhancing synaptic transmission by enhancement of presynaptic calcium currents, secondary to potassium channel blockade. A series of experimental trials of 4-AP in patients with multiple sclerosis have shown modest improvements in neurological function, eects which are more striking when the subject population is selected on the basis of their response to small changes in temperature. Both intravenous and oral administration of the drug in dogs with chronic, naturally occurring spinal cord injury were shown to produce improvements in motor and sensory function. 15, 16 Based on the results of these studies, several small clinical trials were performed to examine the eects of 4-AP in human spinal cord injury patients. The ®rst, an open label study, examined single intravenous infusions of very low doses in six patients, demonstrated safety and reported minor changes in electrodiagnostic indicators. 17 The second study, 18 examined slightly higher doses in a double-blind crossover evaluation of eight patients, and reported bene®cial sensorimotor eects in all four of the subjects with incomplete injuries. Quite unexpectedly, this study also indicated that 4-AP provided some relief of chronic central pain and reduction of spasticity in three of the subjects. 18 This eect on pain was con®rmed in the third study, an open trial in six patients, which also demonstrated a remarkable recovery of bowel control and sexual function in one subject. This subject later was given oral 4-AP for a period of 3 weeks with maintenance of the bene®cial eects. Prolonged oral administration was subsequently extended to two additional subjects and appeared to produce maintained clinical bene®t. 19, 20 A larger, double-blind crossover study of oral, sustained-release 4-AP has now shown more extensive evidence of clinical bene®t in incomplete spinal cord injury. 16 These studies indicate that 4-AP may be useful in the treatment of nervous system conduction de®cits in humans. Chronic SCI appears to be particularly amenable to such treatment inasmuch as the anatomical and physiological de®cits associated with SCI become stable within the ®rst year or two after injury in most cases. Any bene®cial responses to treatment are therefore readily discernible after that period. However, 4-AP does present the potential for serious side eects, given its mechanism of action in blocking potassium channels in neural membranes. At higher doses 4-AP can induce seizures, and is clearly contraindicated in patients with a lowered threshold for seizure activity. The narrow therapeutic index of 4-AP restricts the ability to obtain maximal bene®t from systemic (oral or intravenous) administration of the drug. If proven safe and eective, 4-AP would constitute the ®rst therapy ever to ameliorate neurological disability in chronic spinal cord injury.
In this study, after Food and Drug Administration and Institutional Review Board approval, 12 patients were recruited to a double-blind crossover analysis studying the eects of intravenous 4-AP compared with vehicle placebo as a basis for a subsequent study of the eects of intrathecal 4-AP infusion. Subjects were studied by a combination of clinical examination, neurophysiological studies and self-report.
Material and methods

Protocol summary
After the patient was clinically evaluated and a determination made that the patient was a candidate, the consent forms were signed. Two weeks prior to the ®rst infusion, a baseline measurement of the patient's neurologic and neurophysiologic pro®le was made by: (1) a standard clinical neurological exam including American Spinal Injury Association (ASIA) motor and sensory scores; 21 (2) a spasticity assessment using the Ashworth scale; 22 (3) pain questionnaire; 23 and (4) an evaluation of descending motor control functions using a polyelectromyographic recording technique. 24 The study designs consisted of a double-blind, placebocontrolled, crossover analysis of intravenous delivery of 4-AP in which each patient was administered the drug and a placebo control on dierent occasions, separated by 2 weeks. The order of delivery was randomized. The protocol for each subject was the same. The same tests described above were repeated after a baseline prior to infusion of drug or placebo. All members of the research team, save the investigational pharmacists, were blinded to infusion of drug or placebo during the study. The drug or placebo was then administered for 2 h through an indwelling venous catheter attached to an infusion pump. Thirty mg of 4-AP was diluted in 500 ml of dextrose saline and delivered at a dosage of 15 mg/h (250 ml/h), up to a maximum of 30 mg. Placebo administration consisted of a similar rate of an identically appearing dextrose saline infusion. Infusion was terminated if adverse side eects were noted.
The patient's vital signs were monitored at 30-min intervals throughout the procedure. Samples of blood and urine were obtained from an intravenous catheter in the opposite arm and from the urinary catheter respectively. Cerebrospinal¯uid (CSF) was obtained by standard sterile lumbar puncture with or without 22 or 20 ga intrathecal catheter (Burron Accu-bloc Peri®x) placement for continuous sampling. All¯uid samples were frozen within 30 min and subsequently transferred to an external laboratory for determination of the level of 4-AP in CSF, blood and urine. Each infusate was also evaluated for drug concentration.
Patients were re-evaluated by each test described above by the same examiner at the end of the period of drug delivery, and then electrodiagnostic tests were repeated. Identical follow-up examinations were then performed at 24 h after infusion.
Subject recruitment and selection
The subjects for this study were recruited from a population of chronic spinal cord injury patients referred to the Institute for Rehabilitation and Research (TIRR) for their rehabilitation care including the management of problems related to pain and/or spasticity. Initial screening and interviews were conducted by the physician co-authors (WH Donovan, KC Parsons, J Strayer). The inclusion criteria were (a) medical diagnosis of chronic (412 months) paraplegia or paraparesis as a result of traumatic injury; (b) the level of cord injury between T4 and L2; (c) non-ambulatory; (d) medically stable; (e) plain X-ray, MRI, or CT evidence of spinal cord injury at the appropriate level; (f) age between 18 and 55 years, and (g) informed consent. The exclusion criteria were (a) mental incompetence; (b) any untreated infectious disease; (c) previous head injury or brain damage; (d) history of epileptic seizures or lowered seizure threshold; (e) cardiovascular, metabolic, kidney or respiratory abnormalities; (f) known allergy to pyridine containing compounds; (g) currently taking medications for pain and/or spasticity from which they cannot reasonably be discontinued; (h) history of autonomic hyperre¯exia, and pregnancy. The characteristics of the patient population and the relative dosing are shown in Table 1 .
Clinical measurements Pain
The subjects' experience of pain was quanti®ed by means of a modi®ed McGill pain questionnaire, which includes 15 descriptions of pain, a grade of severity, and a visual analog scale of pain intensity which asks the patient to grade pain intensity along a continuum of zero to ten. 23, 25 These were used in conjunction with notations regarding hyperesthesia and paresthesias elicited with the sensory examinations along with the patients' reports of subjective unpleasant sensations.
Sensorimotor function Both sensory and motor functions were examined using the ASIA International Standards for Neurologic and Functional Classi®cation of Spinal Cord Injury, revised 1996. 21 Muscle strength was tested in each of the 20 key muscles, ®ve in each extremity, representing spinal cord segments C5 through T1 and L2 through S1, employing a six point grading scale (0 ± 5). Since all subjects were paraplegics, with neurologic levels below T1, all subjects had a baseline motor score of at least 50. Sensory function was tested and scored for two modalities, sharp/dull and light touch in all dermatomes. The former was checked using the sharp and blunt end of a safety pin and the latter was checked using a wisp of cotton. A 3-point scale (0 ± 2) was used depending whether the modality was normal (2), diminished (1) or absent (0). All subjects had a baseline sensory score of at least 32 in each modality or 64 for both modalities. Anal motor function and deep anal sensation were also checked on the initial examination for classi®cation of the ASIA Impairment Scale (AIS): A ± complete, B ± sensory sparing only, extending into the caudal most segments, C ± sensory and motor sparing (more than one half of the key muscles below the neurologic level were 0 ± 2), D ± sensory and motor sparing (at least half of the key muscles below the neurologic level were 3 ± 5), and E ± full motor and sensory recovery.
Hypertonicity Patients were evaluated for baseline and changes in tone according to two scales, the Ashworth Scale 22 and the Re¯ex Scale. 26 The former grades resistance to passive movement of both hips and knees on a 5-point scale based on increasing diculty; the latter grades deep tendon re¯exes at the knees (patella) and ankles (Achilles) on a 6-point scale based on briskness and clonus. 24 Pairs of recessed, silver-silver chloride surface electrodes were placed 3 cm apart over the midline of the muscle bellies of the quadriceps, hamstrings, tibialis anterior, triceps surae and¯exor hallucis brevis muscles of each lower limb, with additional pairs placed symmetrically about the midline over abdominal muscles (at the level of the umbilicus) and lumbar paraspinal muscles. EMG channels were ampli®ed with a gain of 5000 over a band width of 50 ± 600 Hz (73 db), digitized at 1800 samples/s/channel with 12 bit accuracy. After recording the calibration and verifying appropriate electrode placement, data were continuously acquired beginning with relaxation through the end of the protocol (approximately 30 min). During drug/placebo infusion, 5-min records of activity during requested relaxation were recorded at half-hour intervals, beginning 30 min after the infusion started.
In addition to the 12 EMG channels, two additional channels were allocated for level sensors which documented thigh angles, leg angles or foot position. One channel was allocated for transduction of forces exerted during neck¯exion and Jendrassik's maneuvers, tendon tap force and plantar stimulation duration and force, selected according to the portion of the protocol. A sixteenth channel was used to record timing of the commands given to the subject, and the maneuvers undertaken. All data were immediately archived onto CD-ROM at the end of the study.
Motor control Recording and Data Reduction: The full bandwidth data was digitized at 1600 samples per second per channel in order to provide an unaliased display of the data (CODAS TM , Dataq, Inc., Akron, OH, USA), but the envelope of activity was used for actual analysis. For this purpose, a root mean square (RMS) algorithm was then applied over successive, 80 point epochs of data, thereby generating the envelope of activity 27 and compressing the data to an eective sample rate of 20 s/s/channel at the same time.
The envelope of the EMG activity (EMG RMS ) calculated in terms of the root mean square (RMS) 27 was used for analysis. For low frequency signals such as transducer outputs, the mean value calculated over the same interval was used rather than a high-pass ®ltered, RMS value. The envelope data was manually analyzed, beginning with identi®cation and marking of events for each phase of each maneuver. The quantitative representation of motor control used for purposes of spasticity evaluation was based on the RMS voltage recorded from each muscle across sub-phases of each maneuver, extracted from the original record. The extracted segments were used to calculate the average activity for each channel and each of the segments in mV RMS . Fixed, 8-s segments were taken for reinforcement maneuvers and 5-s segments for voluntary, passive and plantar stimulation maneuvers.
These average values were then entered into a spreadsheet for subsequent manipulation. Data from repeated studies were evaluated in terms of ratios, 28 in order to obtain a dimensionless value which may be summarized or compared across muscles and subjects. In all cases, identical maneuvers collected under identical conditions were compared. Ratios were calculated from baseline-corrected data separately for each muscle and each phase of each maneuver, with the minimum level set to 0.1 mV to avoid a division by zero in the ratio calculation (ibid). Using group means and standard deviations from previous studies of SCI subjects (ibid), standard scores were calculated for each subject, comparing the three post-infusion times to the baseline recording. 24 
Analysis methods
The data from this investigation were analyzed using multivariate repeated measures analysis of variance for the ASIA motor and sensory scales and the Visual Analog Scale (VAS). Data from the Ashworth scale was analyzed using the Friedman's test for k related samples, a nonparametric repeated measures test. All analyses were conducted with an a priori alpha of .05. All analyses were performed with SPSS 8.0.
ASIA scales
The design for this analysis was one within subjects (four levels) and two between subjects factors (two levels each). The within subjects factor was the total motor, pin prick and light touch scores as dependent variables for the measurements taken at baseline, 2.5, 4 and 24 h post infusion. The between subject factors were the active or placebo condition and a grouping of the AIS score for the patient, (A&B vs C&D).
McGill visual analogue scale
The Visual Analog Pain Scale was also analyzed with multivariate repeated measures analysis of variance. The design for this analysis was one within subjects factor (three levels) and one between subjects factor (two levels each). Patients completed the VAS at baseline, 4 and 24 h post infusion.
BMCA
The reduced data from the Hip and Knee Flexion and Extension portion of the BMCA studies in standard score form were analyzed using repeated measures ANOVA. Standard scores from measurements from Intravenous 4-AP in SCI WH Donovan et al 2.5, 4 and 24 h post infusion were analyzed as dependent variables in a one within (time) and one between (medication) subject factor design. 28 Analysis of 4-AP in plasma and CSF Plasma samples were obtained from the subjects at the following intervals: at baseline, after insertion of the intravenous catheter, but prior to 4-AP administration (through a separate catheter), and then at 1, 2, 2.5, 3, 4, 8 and 24 h after the beginning of infusion of the drug. Each sample consisted of approximately 7 mL of blood collected into a 10 mL, preservative free, heparinized tube. Samples were centrifuged within 30 min of collection, where possible, and no later than 60 min from collection. The resulting plasma was frozen at less than 7208C for storage and shipment to the analysis laboratory. 4-AP concentrations in the plasma samples were measured using a previously validated HPLC techniques, by PHARMout Laboratories, Sunnyvale, CA, USA. The method has a quanti®cation limit of 2.00 ng/ml for 4-aminopyridine, using 1 mL of plasma for analysis. Accuracy and precision of analyses were monitored by concurrent analysis of samples of normal plasma (from subjects outside the study) spiked with known quantities of 4-AP. Samples of CSF were also obtained during and after intravenous infusion of 4-AP by means of an intrathecal catheter, inserted from a lumbar puncture and threaded as close to the site of injury to the spinal cord as possible, using¯uoroscopic visualization. These¯uid samples were obtained at times equivalent to those of the plasma samples, and were centrifuged and frozen in a similar manner for storage and shipment. The analytical procedures were similar to those used for the plasma, but were separately validated, and similarly monitored with spiked samples of plain CSF. The quanti®cation limit for 4-AP was 2 ng/ml, using 0.5 mL of CSF for analysis.
Results
Strict adherence to the protocol was generally accomplished as intended. However, two studies had to be repeated, one due to the subject's not adhering to the required constant level of anti-spasticity medications, and one to an error in the infusion ie, the same ingredient was repeated. Thus a total of 26 studies were run.
The most obvious dierence between the placebo and active branches was the discomfort experienced by the subjects at the infusion site, leading to a change in dilution (to half strength) after the second trial. Two subjects experienced so much discomfort that they requested that infusion be halted before the full quantity was infused. One remained quite agitated for several hours, making it necessary to skip one of the evaluation sets.
Laboratory results
This study demonstrates that 4-AP administered intravenously does reach doses of 30 to 80 ng/ml (mean 55) at the end of a 2 h infusion when given according to the methods mentioned, ie 15 mg per hour IV over 2 h. Similarly, 4-AP was shown to enter the CSF, reaching a mean peak of 25 ng/ml 1 h after the cessation of the infusion, but actually a level close to this was maintained from the end of the infusion until 2 h later. Six hours later it still measured 15 ng/ ml in both serum and CSF but was gone by 24 h. A full description of the pharmacokinetic data will be presented separately.
Clinical observations . (A) Motor scores When the motor scores were compared at the designated times pre-and postinfusion between the 4-AP and placebo, no signi®cant changes were noted at any of the three points post-infusion nor between the two groups ( Figure 1 ). When the motor incomplete patients (n=6) were similarly compared with the motor complete patients when both received 4-AP, no dierences in motor response were detected. No dierences were also found when the motor complete and incomplete groups were separately compared with placebo. . (B) Sensory scores The scores for both sensory modalities, pinprick and light touch, were similarly analyzed, comparing the 4-AP trials vs placebo and comparing the motor complete group vs the motor incomplete group receiving 4-AP (Figures 2 and 3) , no signi®cant dierences were found between any of the scores. . (C) Visual Analog Scale (VAS) When the 4-AP trials were compared to the placebo, the dierence in VAS reached signi®cance (P50.05). The 4-AP group had more pain at 4 h and less at 24 h ( Figure  4 ). When the motor incomplete group was Figure 1 ASIA motor scores compared to the motor complete group when both received 4-AP, no dierence was noted.
The changes in scores between baseline and at the end of the infusion of placebo and 4-AP for each patient are shown in Table 2 . Patient number 12 for example experienced a loss of one muscle grade in one muscle and a gain of one muscle grade in another after the placebo infusion. She also noted a decrease in score of 1 in eight dermatomes and an increase in score of 2 in two dermatomes and an increase in score of 1 in nine dermatomes for a total of 13. She noted no motor change after the 4-AP infusion and did not participate in the sensory evaluation because of too much discomfort at that time.
. (D) The descriptions of the type of pain experienced by the subjects at 2 h (at the end of the infusion) and 24 h after the start of the infusion are shown in Table 3 . . (E) The Ashworth scores and the re¯ex scores are shown in Table 4 . There were no signi®cant changes in the placebo or treatment groups over time. . (F) Patients were asked to report their symptoms during and 4 h after the infusion of 4-AP. The symptoms were grouped into ®ve categories and are shown in Table 5 . Clearly dierent degrees of symptoms between the two trials were reported in almost all categories.
Neurophysiological studies of motor control: BMCA results Of all the neurophysiologic measurements, the only data that were clearly analyzable, ie free of background noise, were the EMG activity in response to passive movement of the hips and knees. This is shown in Figure 5 . The dierences in the placebo and 4-AP trials did not reach signi®cance. None of the results of the BMCA were robust enough to reach statistical signi®cance when evaluated across all 12 subjects. This is not surprising when one realizes that many of the individual subjects showed no substantial eect at all, and the eects which were present were not consistent across the subjects.
Discussion
In general, the protocol was executed as planned. A drawback to the manner in which the study was conducted was the fact that the subjects were all outpatients; they came to the post anesthesia care unit early on the morning of the trial. Thus, the pre-trial conditions were not well controlled. Several subjects were not local and had to spend the night in a local hotel before the study, others came from home. These factors may have contributed to instability in baseline conditions between trials. 
Clinical
Analysis of the CSF, blood and urine samples after unblinding revealed that the 4-AP and placebo were successfully infused in the manner prescribed in the protocol. Plasma levels peaked at about 2 h, i.e. at the end of the infusion. CSF values reached a peak 30 ± 60 min later. No measurable physiologic eects were noted at these levels, however, patients did report symptomatic changes. The amount of drug infused was slightly less than has been used in animal studies that have indicated various improvements in neurological function. 15 Such studies have typically used bolus injections of 0.5 ± 1 mg/kg 4-AP, which may produce signi®cantly higher peak plasma and CSF levels. However, plasma and CSF levels have not been monitored in an equivalent way in animal studies of functional changes, so it is not possible to make a direct comparison at this time. Mean scores stayed remarkably constant across the time line, although this was against a background of considerable variability, particularly in neurological grades C and D. The range of sensory scores varied over time, and this was somewhat more noticeable during the placebo infusions. Sensory scores have been shown to have less intra-rater reliability 29 than motor scores, and the variability found in the sensory scores pre-and post-infusion supports this. It should be noted that a previous study, using a similar doubleblind crossover design with intravenous injection of this drug also did not demonstrate signi®cant changes in mean values of motor or sensory function with small numbers of subjects. 18 In that study, there were individual subjects that showed marked neurological changes with the drug but not the placebo. A doubleblind crossover study with a larger number of subjects and more prolonged administration of an oral formulation of the drug 16 did report statistically signi®cant neurological improvement using responder-analysis. However, even in that larger study, it was not possible to demonstrate signi®cant dierences between the measures of sensory and motor function used in the present study, given the underlying variability and a limited number of subjects. Therefore, the apparently negative outcome of this study may not be inconsistent with previous ®ndings, given its intrinic limitations.
Although the dierences between the placebo and treatment trials did reach signi®cance in the VAS, the authors feel that this was probably due to the greater amount of overall pain reported by subjects during the 4-AP infusions. Most reported local pain at the infusion site and could not distinguish between neurogenic pain and their overall discomfort. Surprisingly the resistance to passive movement was essentially unchanged both clinically and neurophysiologically throughout the time line despite the increase in discomfort reported by most patients during the 4-AP infusion.
Neurophysiological
Results from the BMCA evaluation were not striking; however, the consistency of the studies during many of the trials suggest that the protocol was able to document motor status of the subjects. Conversely, there was a relatively poor consistency in baseline levels, indicating that the way in which the protocol was conducted may have contributed to the lack of eects. In some instances, there was a noticeable increase in activity during the drug infusion indicating a greater sensitivity than the Ashworth scale. This increase in tone may have been due to a direct eect on overall excitability, or may have been due to a secondary eect due to subjects' discomfort with drug infusion.
The general lack of robustness in any of the results may be due to an inadequate level of 4-AP, an insucient time of administration, the speci®c pathophysiology of the subjects selected, or the inability of the drug to alter motor control in such subjects (lesions in the spinal cord below the cervical segment).
Conclusion
The intravenous infusion of 4-AP did not appear to alter measurements of any of the parameters tested, except pain, despite its penetration into the CSF. Because no short term eects were seen and because of frequent complaints of pain during the infusion, the IV route may not be the best way to conduct evaluations of this drug.
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